We present deep VLT and HST observations of the nearest examples of Ca-rich "gap" transients -rapidly evolving transient events, with a luminosity intermediate between novae and supernovae. These sources are frequently found at large galactocentric offsets, and their progenitors remain mysterious. Our observations find no convincing underlying quiescent sources co-incident with the locations of these transients, allowing us to rule out a number of potential progenitor systems. The presence of surviving massive-star binary companions (or other cluster members) are ruled out, providing an independent rejection of a massive star origin for these events. Dwarf satellite galaxies are disfavoured unless one invokes as yet unknown conditions that would be extremely favourable for their production in the lowest mass systems. Our limits also probe the majority of the globular cluster luminosity function, ruling out the presence of an underlying globular cluster population at high significance, and thus the possibility that they are created via dynamical interactions in dense globular cluster cores. Given the lack of underlying systems, previous progenitor suggestions have difficulty reproducing the remote locations of these transients, even when considering solely halo-borne progenitors. Our preferred scenario is that Ca-rich transients are high velocity, kicked systems, exploding at large distances from their natal site. Coupled with a long-lived progenitor system post-kick, this naturally explains the lack of association these transients have with their host stellar light, and the extreme host-offsets exhibited. Neutron star -white dwarf mergers may be a promising progenitor system in this scenario.
INTRODUCTION
In recent years, dedicated optical transient surveys have been monitoring larger and larger fractions of the night sky with ever faster cadence. Such a strategy is not only overwhelming previous detection numbers of well-established transients such as novae and supernovae (SNe), but is also revealing and expanding samples of fast and faint transients that do not appear to fit easily into existing classification schemes. One such example are 'calcium-rich' transients (Filippenko et al. 2003) , also termed 'SN 2005E-like' events.
As defined by Kasliwal et al. (2012) , Ca-rich transients are fainter and evolve faster (photometrically and spectroscopically) than most SNe, whilst maintaining photospheric velocities typical of normal SNe. At peak Ca-rich transients have luminosities intermediate between classical novae and SNe, and populate a 'luminosity gap', where transients have typically been difficult to locate. Their nebular spectra give the class its name since they are dominated by calcium, with a high Ca/O ratio (or lack of detected oxygen) compared to that of other SNe, for example Perets et al. (2010) found almost half of the ejecta of SN 2005E to be calcium. Besides the noticeable difference in evolution speed and peak luminosity, Ca-rich transients can look similar to Type Ib SNe (SNe Ib) during the early, photospheric evolution -i.e. there is an absence of hydrogen in their spectra but they show 1 We define the entire sample of Ca-rich transients as those presented in Lyman et al. (2013) , however we discuss the implications of contamination in Section 4.5. 2 http://heasarc.gsfc.nasa.gov/W3Browse/all/asiagosn.html 3 A follow up analysis, presented in , further rules out progenitors with the lifetimes of CCSN progenitors, and favours ages >100 Myr. alone (Mulchaey, Kasliwal & Kollmeier 2014) . This is evidence that these transients, although diminutive by other SN standards, may have an important role to play in the chemical evolution of large scale structure. A very recent study by Perets (2014) has also suggested the contribution of the nucleosynthetic products of Ca-rich transients to the observed Galactic 511 keV flux is significant -providing an alternative to dark matter annihilation scenarios. Recent effort into these peculiar transients has seen a number of progenitor models being proposed. Massive stars (Kawabata et al. 2010 ) appear disfavoured by current observational analyses of the transients' locations, although relatively little study of the potential of such stars to produce faint CCSN I (e.g. fall-back SNe, Fryer et al. 2009; Moriya et al. 2010 ) has been done. A variant of the 'double degenerate' scenario producing '.Ia' explosions (e.g. Bildsten et al. 2007 ) was proposed by Perets et al. (2010) to explain Ca-rich transients. This involves the explosion of an accreted helium-rich layer (from a helium white dwarf; WD) on the surface of a carbon-oxygen WD, with simulations able to roughly reproduce the spectral and photometric evolution of SN 2005E, although some differences in peak luminosity and light curve evolution exist Sim et al. 2012) . Such a progenitor would have the requisite long-lived nature and a preference for low metallicity .
This paper provides further constraints on the nature of Ca-rich transients by analysing the locations of nearby members of the class down to very deep limits and comparing with expectations for underlying systems. Details of the observations and the transients analysed are presented in Section 2, results are presented in Section 3 and discussed in the context of potential progenitor systems in Section 4. (Perets et al. 2010 ) and 2012hn (Valenti et al. 2014) . Imaging was obtained with the FORS2 instrument on the Very Large Telescope (VLT), details of these observations can be found in Table 2 . Data were reduced and calibrated using recipes from the FORS2 pipeline, accessed from within the gasgano framework. Additionally, data from the Hubble Space Telescope (HST) data archive were obtained for SN 2003H, another nearby Ca-rich transient at a distance of ∼35 Mpc . Details of the observations are provided in Table 3 . Two epochs were obtained, the first prior to the explosion of SN 2003H with WFPC2 (GO 6483, Elmegreen), and the latter post explosion utilizing the ACS/HRC (GO 10272, Filippenko) . The data were reduced via astrodrizzle to produce final co-added, distortion corrected images. Given the limited dithering for each observation we retained the native pixel scale (0.1 arcsec for WFPC2 and 0.025 arcsec for ACS/HRC). For comparison to the earlier WFPC2 images we also drizzled the HRC images onto a larger pixel grid of 0.1 arcsec per pixel.
Archival limits
Two Ca-rich transients that have been analysed previously with deep limits on their locations are included in the sample of this paper. SN 2000ds was investigated as part of a SN progenitor detection study by Maund & Smartt (2005) , with no detection made to the limits of their observations. The environment of SN 2005cz was studied by Perets et al. (2011) as a means to constrain the progenitor of that event, with the authors finding the location to be composed of an old stellar population. We include the limits and results presented from these studies where appropriate in our analysis of Ca-rich transients.
Additionally, limits have also been presented for three PTF-discovered events by Kasliwal et al. (2012) , PTF 09dav, 10iuv (= SN 2010et) and 11bij. Given the larger distances to these transients, the depth of the images are comparatively shallow in terms of absolute magnitude. However, we note that no detections have been made underlying these events and thus only limits exist. These limits are qualitatively addressed in the discussion as appropriate for completeness' sake. 
RESULTS
Images of the transients' locations from the FORS2/VLT, WFPC2/HST and ACS/HST imaging are shown in Figs. 1 to 3. The location of SN 2012hn was found through starmatching alignment with archival imaging containing the luminous transient to obtain an accurate astrometric position in our imaging (∼0.1-0.2 arcsec). For SN 2005E, imaging with the luminous transient detected was not available; the position used is that given by the WCS fit to the images. These WCS fits were found to be accurate when compared to catalogue star positions at < ∼ arcsec accuracy. The location of SN 2003H was found by following offsets presented in Graham et al. (2003) from the neighbouring host and a nearby star. The two offsets gave a 0.2 arcsec difference in the position. We adopt this as an uncertainty on our astrometry within the images and, where the uncertainty is significant, we include errors in photometric values by repeating measurements over this uncertainty and providing the more conservative estimate in each case.
Limits at location of transients
Initially, aperture photometry was attempted at the locations SNe 2005E and 2012hn using 1 arcsec apertures. No source was detected at the location of SN 2005E in our R-band imaging. A 3σ magnitude limit was therefore determined at the location and then corrected from 1 arcsec to a large (4×FWHM) aperture. Galactic extinction was accounted for (Schlafly & Finkbeiner 2011) with an R = 3.1 extinction law, host reddening was assumed to be negligible given the 23 kpc offset of SN 2005E. The resulting intrinsic magnitude limit (i.e. after correcting for Galactic reddening) at the location was found to be mR > 27.4 mag. Taking the distance modulus (µ) to SN 2005E to be that of NGC 1032, µ = 32.74 mag 4 , we obtain an absolute magnitude limit of MR > −5.3 mag.
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The location of SN 2012hn is situated in a region of significant surface brightness from the host, NGC 2272 (Fig. 2) . In order to subtract the shape of the galaxy profile in these outer regions, a function was fit to the background of the image. A two-iteration 3-sigma clip was applied to pixels across the image to remove objects but not affect the outer profile of the galaxy light (the central, very bright regions of the host were clipped, but cleanly subtracting the galaxy in these regions was not required). A median mesh with a box size of 25 pixels was then constructed and fitted with a smoothed spline. The spline function was subtracted from the original pixel values and the results are shown in Fig. 4 . Although over-subtraction arose near bright objects due to incomplete masking, the region of interest (i.e. the location of SN 2012hn) was found to have the large scale galaxy profile cleanly subtracted. As with SN 2005E, no source was detected in either our B-or R-band imaging at the location of SN 2012hn. Following the same procedure as for SN 2005E, from the background-subtracted images we find limiting magnitudes of any underlying object to be mB > 27.8 mag and mR > 27.0 mag. Taking µ = 32.56 mag for NGC 2272 (from NED), these translate as absolute magnitude limits of MB > −4.8 mag and MR > −5.6 mag.
In contrast to the case of SN 2005E (which has essentially no underlying background galaxy) and SN 2012hn (which has a smoothly varying spheroidal component) the location of SN 2003H lies between the merging galaxies NGC 2207 and IC 2163. This region clearly contains underlying stars, and well as star formation, as is visible by large regions of blue star formation in the HST imaging. However, the astrometry shows that the transient lies away from the strongest regions of star formation, and is offset ∼ 1 arcsec from the nearest likely site of young massive stars. Indeed, within this merging region it appears to lie in a region of low stellar density, although this may be due to increased extinction along the line of site. We extract limits based on the measured flux at the location of SN 2003H, with the background calculated in apertures proximate to the position, but not overlying obvious structure. Given the high (and spatially variable) background these limits are significantly brighter than are in theory possible for the instrument. For a distance of 35 Mpc ; µ = 32.72 mag) the limits correspond to MB > −7.2 mag and MR > −7.3 mag. Unlike other transients presented here, SN 2003H is unusual in having two epochs of observations, both before and after the explosion. We directly subtracted the images taken in the same (or similar) filters at different times by re-drizzling the ACS observations into the pixel scale and frame of those taken with WFPC2. No variable sources are found in the resulting frames, although the limits are weak: mF 439W > 25.0 ± 0.2, mF 555W > 25.5 ± 0.4, mF 814W > 25.3 ± 0.3 mag, with the uncertainties arising from the uncertainty of the transient's position on the HST frames. Additionally, the location of SN 2003H is likely to be in a region of significant host reddening, and indeed spectra of SN 2003H are indicative of strong extinction (Green 2003) . The limits on the progenitor from the subtracted images do not provide tight constraints, ruling out only evolved stars MZAMS > 15 − 20 M⊙, even when neglecting reddening (method given in Section 4.1). With a reasonable amount of reddening these limits become very unrestrictive. We therefore do not include the limits on SN 2003H in our subsequent analysis above general qualitative statements, given the intrinsic limits may be considerably shallower.
The limits given above are subject to the uncertainties in µ for each host (∼ 0.1 − 0.2 mag), but these do not significantly affect the analysis.
Nearby detections
SExtractor (Bertin & Arnouts 1996) was used to search for detections local to the transients for SNe 2005E and 2012hn. The detections are shown in Figs. 1 and 2. An object is detected north-east of SN 2005E, however this object is at a distance of 640 pc in plane of sky alone (∼ 3.8 arcsec). The nearest detections to SN 2012hn are detected in only one band each. The blue object is located ≥ 460 pc away and the red object is ≥ 190 pc away, with magnitudes mB = 27.1 ± 0.2 and mR = 26.1 ± 0.1 mag respectively.
For SN 2003H the source clearly has stars underlying the position. However, it is not located within a region of massive star formation. The closest blue sources to its position lie approximately 1 arcsec away, 120 pc in projection at the distance of SN 2003H. The source has an AB magnitude of mF 435W = 22.6 ± 0.2 mag, or an absolute magnitude of MB = -10.1 mag.
DISCUSSION
Here we discuss our results in the context of proposed progenitors or progenitor host systems.
Massive stars
Although our VLT imaging is post-explosion, and as such we cannot observe the progenitor itself, it can still be used to shed light upon the possibility of a massive star origin for these transients. One method is to look for the surviving binary companion. Given the spectral signature of these transients was akin to a stripped-envelope SN, i.e. an absence of detected hydrogen, any massive star progenitor would need to have had its envelope removed throughout its lifetime. Recent studies suggest that stars in binary systems are the dominant progenitor channel for SNe exploding in this fashion (e.g. Eldridge, Izzard & Tout 2008; Dessart et al. 2011; Smith et al. 2011; ; see also Smith 2014 and references therein), with the companion facilitating enhanced mass loss due to its gravitational presence (e.g. Podsiadlowski, Joss & Hsu 1992) . This is consistent with massive star studies that highlight the prevalence for binarity in high mass stars (e.g. Sana et al. 2012) , and suggest that these companions are also massive (Kobulnicky & Fryer 2007) . We can use our magnitude limits to constrain the mass of a surviving companion by comparing to stellar models in the H-R diagram. The methodology followed is similar to that in previous work (e.g. Maund & Smartt 2005; Crockett et al. 2007; Perets et al. 2011) , and is thus only briefly summarised here. Our magnitude limits were converted to limiting bolometric luminosity (L bol ) using the colours and bolometric corrections (BCs) for a range of supergiant spectral types provided by Drilling & Landolt (2000) . The L bol limit as a function of effective temperature (T eff ) could then be plotted in the H-R diagram (Figs. 5 and 6). A Wolf-Rayet (WR) star limit was obtained in the manner of Crockett et al. (2007) ; Perets et al. (2011) -the median WR colours of Massey (2002) were used alongside the BC of Smith & Maeder (1989) , −4.5 mag, to obtain a limiting L bol that was applied for high temperatures in the H-R diagram. The results of these limits are shown in Fig. 6 only, since the R-band limit for SN 2005E does not alone provide any stringent constraints on the WR regime. Note we also include the limits to the BC for WR stars found by Crowther (2007, and reference therein) of −6 to −2.7 mag. These limits are compared to BPASS stellar models (Eldridge & Stanway 2009) 6 , which are overlaid on our limits in Figs. 5 and 6.
We rule out the presence of all evolved stars > 10 M⊙ and exclude the presence of a RSG at intermediate mass or greater at the location of SN 2005E. The lack of blue wavelength coverage means we do not have limits to impact on the regime of WR stars. Similar limits are imposed on the location of SN 2012hn, the additional B-band limits preclude the presence of younger moderately-massive stars. Taking the BC of Smith & Maeder (1989) , the B-band limit also limits any undetected WR star to be at the lowest mass range for WR stars at solar metallicity. Taking a lower metallicity, typical of the Large Magellanic Cloud, WR stars are further disfavoured; however, when considering the spread of possible BC for WR stars from Crowther (2007) , we see that conclusively ruling out WR stars is not possible. The limits here, and the fact we are observing in broad-band filters as oppose to the narrow-band filters typically used for WR observation (which means the limiting M bol may be up to ∼0.5 mag fainter, see discussion in Crockett et al. 2007 ) make the presence of a WR disfavoured, but not conclusively excluded. The limits from the post-explosion HST observations of SN 2003H rule out the presence of underlying very massive stars, however, are not restrictive enough to put limits on more moderately massive stars. The above discussion thus strongly limits the possibility for the progenitor to have had a massive star companion. Even neglecting the need for a binary companion, massive stars form in associations (Lada & Lada 2003) and thus other massive stars will have formed contemporaneously at the same location. By ruling out the presence of any other massive stars to stringent limits, we can infer the progenitors were not massive stars since we would expect to see the other massive cluster-members, or clusters nearby that may have formed the progenitors. Hypervelocity massive stars can also be ruled out as a means to alleviate the requirement for underlying star formation. Notwithstanding the complete lack of recent star formation seen in half of the hosts of Ca-rich transients (Lyman et al. 2013) , the short life times of massive stars means it is difficult for such a star to survive out to tens of kpc from their host (in plane of sky alone) before corecollapse without introducing unreasonably high velocities. This has been noted previously, with both Perets et al. (2010) and Kasliwal et al. (2012) arguing against the case of massive runaways. 
Dwarf galaxies
Dwarf galaxies may explain the large offsets exhibited by some Ca-rich transients, and may be a favoured model in the case that very low metallicity is required for their production. The locations of PTF 09dav, 10iuv (= SN 2010et) and 11bij have limits of underlying dwarf hosts to be MR > −9.8, −12.1 and −12.4 mag respectively (Kasliwal et al. 2012) . The PTF-discovered examples are at much farther distances than those discussed here, although the limits do preclude brighter satellite hosts underlying their locations. McConnachie (2012) present data for dwarf satellites for local galaxies, including MV values. The median V − R colour of the dwarf galaxy sample of Mateo (1998) , V − R = 0.50 ± 0.17, was used to make an estimate of our R limits in the V -band for dwarf galaxies. The distribution of dwarf galaxy luminosity is presented in Fig. 7 alongside our limits on 2005E and 2012hn and literature limits for 2000ds (Maund & Smartt 2005 ) and 2005cz . These literature limits were converted from the photometric system of HST to Johnson V -band using the method of Sirianni et al. (2005) , using B − V = 0.71, the median of dwarf satellites presented in Mateo (1998); Kim et al. (2011) . At first glance, it appears that any potential faint systems we have not detected are not being drawn from the overall population -the two-sample KolmogorovSmirnov test gives a 2σ rejection, this is a lower bound since we only utilise limits, however there are important caveats to consider. Due to the difficulty in finding extremely faint systems, it is almost certainly the case that the left side of the galaxy distribution in Fig. 7 is deficient due to observational bias (further exacerbated by the lack of adequate coverage and depth over large portions of the sky). The prevalence of ultra-faint systems is currently very uncertain and The limits for 2005E and 2012hn were converted using the median colours of dwarf galaxies from Mateo (1998) , see text.
poses a quandary between observation and theory, however, is it likely that the stellar budget contributed by these extremely dark-matter-dominated systems is much less that those of brighter satellites. With this in mind, one would expect to observe Ca-rich transients exploding in moderateto-luminous dwarf galaxies, making the reasonable assumption that the chance for a progenitor to form scales with the luminosity (stellar mass) of a galaxy. Unless one introduces an unreasonably large number of missed ultra-faint systems, or there exist hitherto unknown environmental factors that make ultra-faint satellites preferential producers of Ca-rich transients, a dwarf satellite origin is disfavoured by the limits present on these nearest Ca-rich systems.
Globular clusters
Globular clusters represent a promising birth site for unusual transients at large galactic radii (i.e. in the halo) since their dense stellar cores enable dynamical interactions to create and harden exotic binaries, leading to greatly enhanced production of such systems (e.g. Davies 1995; Davies & Benz 1995; Pooley et al. 2003; Ivanova et al. 2006; Grindlay, Portegies Zwart & McMillan 2006) . Hence it is relevant to search for globular clusters directly under Ca-rich transient positions. At these distances they should appear as point sources to ground based observations (0.7 arcsec seeing at a distance of 30 Mpc gives a resolution of ∼100 pc, much larger than GC scale sizes), and barely resolved in HST data. Encounter rates in clusters will generally increase with cluster mass (see for example equation 1 from Davies, Piotto & de Angeli 2004) . Indeed fewer than ten globular clusters account for over half of all dynamical encounters occurring within the entire globular cluster population of our Galaxy (e.g. Verbunt & Hut 1987, their figure  1 ). For example, the cluster 47 Tuc, accounts for some 10 per cent of all encounters.
The globular cluster luminosity function (GCLF) of the Milky Way was constructed using the catalogue of Harris (1996 Harris ( ) (2010 .
7 Since the GCLF is well described by a normal distribution (Harris 1991) , we can ascertain the probability of not detecting a faint, underlying GC by fitting a normal distribution to the GCLF and extracting the value of the cumulative probability density function at our limits. This was performed on the raw GCLF and also on the luminosity-weighted GCLF, since the ability for a GC to produce a transient scales with the cluster mass, and thus luminosity.
GCLFs for B-V -and R-band are shown in Fig. 8 , alongside limits from our observations. Also displayed are literature limits for SNe 2000ds and 2005cz from Maund & Smartt (2005) and Perets et al. (2011) , respectively. As in Section 4.2, these have been converted using the method presented in Sirianni et al. (2005) , using the median colour of globular clusters from Harris (1996) (2010 edition) -B − V = 0.69. It is clear the deepest of these limits are probing well down to the faintest GCs. Taking the combined probabilities for all transients in each filter, we can rule out the non-detections being due to underlying GCs on the very faint tail of the GCLF at ∼ 3, 2.5 and 4 σ for B-V -and Rbands respectively. When weighting by luminosity, following the prescription in Harris (1991) , an underlying, undetected GC population is ruled out at 4−6σ for each band. The limits on the PTF-discovered events by Kasliwal et al. (2012) are not deep enough to increase these probabilities noticeably.
The nearest detected object to SN 2012hn, which is consistent with a GC at B − R > 1.7, is at a distance of ≥ 190 pc. Such a large offset is difficult to reconcile with the more modest radii of GCs. Additionally, when considering the more modest host offset of SN 2012hn and the Galactocentric distance to half-light radius (r h ) relation for GCs (van den Bergh 1994), one may expect local GCs to be comparatively compact. For the majority of GCs, r h < 10 pc, with a few per cent showing 10 ≤ r h ≤ 27 pc (Harris 1996) (2010 edition). Mackey et al. (2006) present data for extended GCs, located at extreme offsets to M31, however even these unusual clusters exhibit r h < ∼ 35 pc. As such, membership of SN 2012hn to this system (if indeed it is a GC) is strongly disfavoured.
Compact binaries
Interactions or mergers within binary systems of various configurations of degenerate bodies represent a potential progenitor channel for Ca-rich transients (e.g. Bildsten et al. 2007; Perets et al. 2010; Brown et al. 2011; Waldman et al. 2011; Metzger 2012) . Due to the dim nature of the component bodies, such binaries would be much fainter than our detection limits, being even difficult to observe within the Galaxy. As such, we cannot put meaningful restrictions on the composition of potential compact binary systems directly from our observational limits, but one can assess the potential for various configurations to explain the locations of Ca-rich transients given we have found no convincing host systems underlying the locations. Proposed progenitors must explain the lack of association that Ca-rich transients have with their hosts stellar light, and specifically explain the remote locations that contain no underlying host systems, as shown by previous sections. Although GCs do not appear to underlie the Ca-rich transients analysed here, the possibility that at least a fraction of the progenitors are halo objects, formed at these large offsets, remains. In this case WD-WD binaries represent a potential progenitor channel. WD-WD systems containing an extremely low mass WD ( < ∼ 0.25 M⊙) are seen in the thick disc and halo of the Galaxy (Brown et al. 2010) , however, detecting them beyond a few kpc is extremely difficult, and thus a census of the locations of such systems in and around the Galaxy is lacking. The mergers of these systems have been analysed as progenitors of subluminous SNe (Brown et al. 2011) as part of the general 'double-degenerate' scenario of WD-WD binary progenitors. A significant fraction of SNe Ia are also thought to arise from WD-WD binaries (see recent reviews of Maoz, Mannucci & Nelemans 2013; Ruiz-Lapuente 2014), yet SNe Ia are seen to follow the stellar light of their hosts (e.g. Förster & Schawinski 2008; Kelly, Kirshner & Pahre 2008) . Although there may be contamination from other progenitor channels, SNe Ia are rarely seen at very remote locations. Kasliwal et al. (2012) find only a few per cent of SNe Ia at offsets of > 30 kpc from a PTF-selected sample, in contrast to 3/3 Ca-rich transients from their sample.
8 The fact SNe Ia follow the stellar light of their hosts, with such a low fraction of remote events, is consistent with expectations that WD-WD binaries trace the mass of their host galaxies, consequently we would expect Ca-rich transients to also follow the stellar light of their hosts and have a low fraction of remote events, if arising from WD-WD binaries.
One may introduce the necessity for extremely old progenitor systems or low metallicity to make the halo a preferential site of their production in order to overcome a correlation with stellar light. However, halo profiles of galaxies, although extended, are nevertheless centrally concentrated. Fig. 9 shows the radial profiles of the disc and halo components of M31 from the fits of Tamm, Tempel & Tenjes (2007) . Even for the very large M31, 90 per cent of the halo lies within 20 kpc of the galactic centre, slightly larger than the disc extent (see also, e.g., Courteau et al. 2011) . Thus, even if Ca-rich transients were solely comprised of halo objects, we would still only expect to observe around 10 per cent of Ca-rich transients at > ∼ 20 kpc offsets (cf. one third observed). When coupled with studies suggesting a large, likely dominant, proportion of Galactic WD-WD systems are formed and reside in the disc (e.g. Bergeron 2003; Kawka, Vennes & Thorstensen 2004; Brown et al. 2010) , further reducing the fraction of systems > 20 kpc (Fig. 9) , it appears the locations of Ca-rich transients do not agree with the expected locations of WD-WD binaries. This will be further studied in Church et al. (in prep.) . 
Kicked systems
The remote locations of these unusual transients may be indicative of high velocity, or runaway, systems. This possibility becomes favourable given the lack of detections of underlying systems at their locations, and that they do not follow the expectations of even a halo origin. Two main mechanisms can impart a high velocity on a system -either through dynamical interaction (e.g. Gvaramadze, Gualandris & Portegies Zwart 2009), or through a SN kick in a binary (due both to mass loss and natal kicks; e.g. Church et al. 2011) . Since hypervelocity massive stars cannot explain the locations of Ca-rich transients (Section 4.1), one can infer that any high velocity progenitors would have to be lower mass (and thus longer lived) and also in binary systems, since there would be no (known) mechanism for a single, low mass object to undergo explosion if unmolested. Compact degenerate binary systems having undergone a kick then become a more favourable prospect.
The contribution of kicked-systems to the progenitors of CCSNe and gamma-ray bursts (GRBs) has been analysed previously (e.g. Eldridge, Langer & Tout 2011; Fong et al. 2013) . In particular there are some parallels between Ca-rich transients and short-duration GRBs (SGRBs) when considering their host environments, which are not true of the environments of other extragalactic transients.
SGRBs do not follow the optical or UV light of their hosts (Fong, Berger & Fox 2010; Fong & Berger 2013) , similar to Ca-rich transients. This is not the case for long-duration GRBs, core-collapse and thermonuclear SNe (Fruchter et al. 2006; Förster & Schawinski 2008; Kelly, Kirshner & Pahre 2008; Anderson et al. 2012 ) and the peculiar SN 2002cx-like transients , which all display a strong correlation to optical and/or UV light. About 15-30 per cent of SGRBs appear 'hostless' Tunnicliffe et al. 2014) , i.e. there is no detected underlying host galaxy, although their proximity to a relatively nearby galaxy is above that of random locations on the sky (Tunnicliffe et al. 2014 ), suggesting they have been kicked from these galaxies. Offsets from putative nearby hosts reveal a quarter of SGRBs have offsets of > 10 kpc, with around 10 per cent at > 20 kpc (Fong & Berger 2013) . The median SGRB offset is ∼5 kpc (Berger 2013) , larger than that of core-collapse and thermonuclear SNe, and particularly of the more centrally concentrated stripped-envelope CCSNe (Prieto, Stanek & Beacom 2008; Anderson & James 2009 ), which Ca-rich transients most closely resemble spectrally. For Ca-rich transients the median offset is ∼7 kpc (Table 1 , when considering the nearest putative host). The hosts of SGRBs are diverse, with a large fraction of non-star-forming hosts -∼20-40 per cent being early-type , for Ca-rich transients this is 50 per cent (Perets et al. 2010; Lyman et al. 2013) . These unusual characteristics of SGRBs have been used to argue in favour of kicked systems being the progenitors, which may provide an explanation for the characteristics of Carich transients also.
In the case of SGRBs it is believed that the progenitors are NS-NS or NS-BH binaries, with the recent detection of a kilonova offering evidence of this model (Tanvir et al. 2013) . These systems are kicked due to supernovae and neutron star natal kicks, and the locations of the SGRBs around the hosts is broadly consistent with the expectations of these models (Church et al. 2011; Berger 2013) . For Ca-rich transients it seems unlikely that such progenitors should produce these events, although their peak magnitudes and evolution timescales are similar to those predicted for kilonovae (Metzger & Berger 2012 ). An alternative is that they arise from WD-NS mergers, which can be produced via similar routes to those postulated for NS-NS and NS-BH systems (Davies, Ritter & King 2002; Church et al. 2006) , and indeed these have been suggested as progenitors for Ca-rich transients (Metzger 2012) . In a forthcoming paper (Church et al. in prep.) we will consider whether the observed locations are consistent with the expectations of WD-NS models. It has been suggested that WD-NS mergers could produce long-duration GRB-like transients (King, Olsson & Davies 2007) . Deep observations in the high-energy regime would then be motivated for future Ca-rich transients.
Sample definition
A cautionary note must be made since we are analysing a new and emerging class of transient. As such, membership of the class may be contaminated by intrinsically different transients (this is particularly true when reanalysing historical SNe that may not have complete photometric coverage). Kasliwal et al. (2012) consider 5 events (PTF 09dav, 10iuv, 11bij and SNe 2005E, 2007ke ) to satisfy all of the criteria they establish for the class. Subsequently, the well observed SN 2012hn Valenti et al. (2014) became another addition. Even if we take this strict cut on membership, we can still utilise our limits of SNe 2005E and 2012hn to show there are no underlying GCs (Fig. 8) or underlying recent star formation, as traced by massive stars (Figs. 5 and 6 ) at the locations of the two most proximate examples, where such deep limits can be placed. The presence of underlying dwarf galaxies would still be disfavoured (when coupled with the limits for three PTF-discovered members presented by Kasliwal et al. 2012) . Additionally, imposing this strict membership requirement would only serve to enhance the extremity of the environments and galactocentric offsets of the Ca-rich transients. Using the offsets from Kasliwal et al. (2012) and (Valenti et al. 2014) , the median (mean) offset for the sample of 6 events is 28 (25) kpc -further strengthening a lack of association between the locations of Ca-rich transients and the stellar mass of their hosts.
CONCLUSIONS
We have presented deep observations of a sample of very local < ∼ 35 Mpc Ca-rich transients, using recent VLT and archival HST observations, and pre-existing literature limits on other members. These observations yield no clear detections, but provide the strongest constraints on the progenitors and the host systems thus far. Limiting magnitudes are fainter than massive (> 10 M⊙) stars and young star clusters, ruling out the presence of recent star formation and thus further disfavouring a massive star origin for Ca-rich transients, in line with previous work on direct detection of the progenitors and host environments. Faint dwarf satellites hosts are strongly disfavoured from a comparison to the luminosity of satellites around local galaxies. Underlying globular clusters are ruled out from comparing the limiting magnitudes to the distribution of Galactic systems. Given a lack of detected systems, the extremely low stellar densities at the extreme galactocentric offsets a substantial fraction of Ca-rich transients exhibit (4/12 at > 20 kpc in projection alone) means their production would have to be enormously enhanced in the physical conditions of these locations in order to avoid a correlation with the stellar light of their hosts.
Such remote locations (where there exist no convincing underlying systems) pose a problem for most progenitor system models, which would be expected to have a correlation with the stellar mass (light) of their hosts. The remote locations are difficult to reconcile with even an entirely haloborne progenitor population. An interpretation to explain the remote locations is that the progenitors of Ca-rich transients are not born at the sites where they explode. Hence, models in which the progenitors have been kicked from their birth sites, most likely due to supernova kicks, would be favoured, alongside a delay time distribution before explosion extending to long time-scales to explain offsets of tens of kpcs. In this case, WD-NS mergers may represent a promising progenitor channel, although further studies will be required to attempt to reproduce the spectral and photometric characteristics of these transients. Given the similarities in the evolution routes to produce NS-NS and WD-NS binary systems, the Ca-rich transients would then provide new constraints on the likely creation rate of all double compact object binaries, and have broad implications for both near term high-frequency, and long term low frequency gravitational wave searches.
